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ABSTRACT

Plasmonic nanopatch antennas that incorporate dielectric gaps hundreds of picometers to several nanometers thick have drawn increasing attention over the past decade because they confine electromagnetic fields to grossly sub-diffraction-limited volumes. Substantial
control over the optical properties of excitons and color centers confined within these plasmonic cavities has already been demonstrated with far-field optical spectroscopies, but near-field optical spectroscopies are essential for an improved understanding of the
plasmon–emitter interaction at the nanoscale. Here, we characterize the intensity and phase-resolved plasmonic response of isolated
nanopatch antennas by cathodoluminescence microscopy. Furthermore, we explore the distinction between optical and electron beam
spectroscopies of coupled plasmon–exciton heterostructures to identify constraints and opportunities for future nanoscale characterization and control of hybrid nanophotonic structures. While we observe substantial Purcell enhancement in time-resolved photoluminescence spectroscopies, negligible Purcell enhancement is observed in cathodoluminescence spectroscopies of hybrid nanophotonic
structures. The substantial differences in measured Purcell enhancement for electron beam and laser excitation can be understood
as a result of the different selection rules for these complementary experiments. These results provide a fundamentally new understanding of near-field plasmon–exciton interactions in nanopatch antennas, which is essential for myriad emerging quantum photonic
devices.
© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0065524

I. INTRODUCTION
Plasmonic heterostructures that offer grossly sub-diffractionlimited field confinement have been a topic of intense research
interest for much of the past 20 years.1–5 This nanoscale field
confinement has enabled advances in optical information processing,6 photocatalysis,7 and plasmon enhanced sensors and
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spectroscopies,4,8,9 as well as a variety of studies of plasmonic
analog to cavity quantum electrodynamics.2,10–15 While conventional lithographically patterned plasmonic nanostructures such as
split ring resonators,16 bowtie antennas,17 nanodisks,11 and other
nanopatterned resonators18 can offer a sufficiently small mode volume to enable the exploration of weak and strong plasmon–exciton
coupling,11,12,19 the emergence of gap plasmon modes that are
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confined to gaps of order 1 nm has enabled substantially increased
flexibility in the control of the optical properties of excitons and
color centers confined within the gap.2,10,13–15 Plasmonic nanogap
heterostructures have been used to enhance the quantum efficiency
of defect and exciton emission in the weak coupling regime,14,15,20–23
to modify optical properties in the strong coupling regime,24–26 and
for applications ranging from gas sensing,27 water splitting,28 and
carbon capture29 to the non-invasive study of nanoparticle dynamics
in liquids.30 Electrical tuning of the resonance frequency of nanogap
antennas has also been demonstrated as part of the move toward
more functional nanophotonic devices.31
While finite difference time domain (FDTD) simulations and
finite element models (FEM) are widely used to simulate the nearfield optical response of plasmonic cavities, inhomogeneities in the
actual devices ultimately constrain the photonic response. Conventional diffraction-limited optical microscopies are limited to spatial
resolution of order 250 nm at visible wavelengths. A clear understanding of plasmonic near-field interactions with substantially better spatial resolution is essential for uncovering structure–function
relationships for nanophotonic media beyond idealized numerical calculations. Super-resolution optical microscopies such as
stimulated emission depletion (STED) microscopy, photoactivated
localization microscopy (PALM), stochastic optical reconstruction
microscopy (STORM), optical superlens imaging, and scanning
near-field optical microscopy (SNOM) can be used to probe optical properties of matter with a spatial resolution of 10 to several
tens of nanometers,32–35 though each approach comes with some
challenges. An ideal approach to super-resolution microscopy might
offer true nanometer spatial resolution, access to spectrally resolved
excitation and relaxation dynamics, and high-speed operation with
high collection efficiency, but no such platform currently exists.
Techniques such as electron energy loss spectroscopy (EELS) and
cathodoluminescence (CL) microscopy are well suited to study the
near-field optical properties of plasmonic heterostructures36–38 and
hybrid plasmon–emitter heterostructures.39 CL microscopies rely on
a converged electron beam to locally excite nanophotonic materials while collecting the light emitted from the material after electron beam excitation. They can provide 3 nm spatial resolution
with high spectral resolution,40 though their spatial resolution is
generally limited by free-carrier migration and the required electron beam doses can be an obstacle for environmentally sensitive
samples.
In this work, we use CL microscopy to map localized and propagating plasmon modes in the proximity of silver (Ag) nanopatch
antennas (NPAs) and analyze the effect of this plasmon mode
structure on CdSe/ZnS core–shell quantum dots (QDs) deposited
within the NPA. We compare the results with steady state and
time-resolved photoluminescence (TRPL) measurements. Furthermore, we perform FEM simulations that improve our understanding of the plasmonic modes observed in CL. Finally, we observe
interference between electron beam generated transition radiation
and surface plasmon polaritons (SPPs) scattered from the NPA.
Notably, while substantial Purcell enhancement is observed in the
time-resolved photoluminescence (TRPL) spectra, negligible Purcell
enhancement is observed in the CL spectra as a result of different
selection rules for electron beam and optical excitations. Combining CL microscopy of nanoplasmonic modes with PL microscopy
of plasmon–exciton interactions is thus essential for understanding
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plasmon–exciton interactions in nanopatch antennas that are essential for a plethora of emerging applications, such as light absorbers,
photodetectors, and photon sources.
II. SPECTRUM IMAGING OF INDIVIDUAL NANOPATCH
ANTENNAS
The nanopatch heterostructures explored here comprise Ag
nanocubes with 75-nm edges dropcast onto a 100-nm gold (Au)
thin film. A 3–5 nm spacer layer is deposited between the Au film
and the nanocube to minimize charge transfer and to maximize field
confinement within the spacer layer. For initial spectroscopic mapping of the plasmon modes, a 3 nm ZnO spacer layer was deposited
on the Au films on silicon substrates by atomic layer deposition.
For subsequent spectroscopies of coupled plasmon–exciton heterostructures, a peel-and-stick technique was used to transfer gold
films with sub-nm surface roughness onto a glass substrate, onto
which a polyelectrolyte (PE) spacer layer (3 nm in thickness) was
deposited using a dip-coating technique, and CdSe/ZnS core–shell
QDs (Sigma-Aldrich, product number 900249) were then spincast
before Ag nanocube deposition. A cross-sectional schematic of the
fabricated NPA heterostructures and a schematic representation of
the CL collection optics are shown in Fig. 1.
The nanocube’s plasmonic modes were probed directly by
CL microscopy in a FEI Quattro environmental scanning electron

FIG. 1. Schematic of a nanopatch antenna heterostructure. QDs are sandwiched between the spacer layer and the nanocube. The cathodoluminescence
is obtained by exciting the structure with an electron beam in an SEM and using a
high NA parabolic mirror to collect light onto a spectrometer. The image is not to
scale.
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FIG. 2. Nanopatch antenna CL spectra for heterostructures with a polyelectrolyte
spacer layer. The inset shows the SEM image of the cube. The spectra show three
peaks corresponding to corner, edge, and gap plasmon modes. The three spectra
were obtained with the electron beam positioned at the center, corner, and edge,
respectively.
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microscope (ESEM) with a Delmic Sparc CL collection system. All
data described here were acquired with a beam energy of 30 keV,
and beam currents of 630–5600 pA were used depending on sample robustness. While the ESEM can operate in a high vacuum or
water vapor environment, all data reported here were taken in a
background pressure of 40 Pa of water vapor in order to minimize
charging and carbon deposition during long spectrum image acquisitions. The NPAs on the PE layer display three prominent plasmon
modes centered at wavelengths of ∼400, 520, and 750 nm, as shown
in Fig. 2 for a typical nanocube. The inset shows the SEM image of
the cube. The mode around ∼750 nm is strongest when the electron
beam is in the center whereas the mode around ∼400 nm is strongest
near the corner. The edge mode is weakly excited at the center. However, the point spectra by themselves provide only a limited understanding of the heterostructure’s plasmonic response. The edge and
corner modes were previously observed in the near field with EELS41
for nanocube assemblies (different from the current nanopatch
antenna system), but EELS cannot distinguish the radiative and nonradiative modes, a critical requirement for hybrid plasmon–exciton
heterostructures.
The spectrum images shown in Fig. 3 for a NPA on a
ZnO spacer layer depict the spatial distribution of distinct modes

FIG. 3. Spectrum images of plasmon resonances supported by Ag nanocube heterostructures with a ZnO spacer layer on Au thin films. Left column (a), (e), and (i): raw
measured CL intensity maps at wavelengths of 380, 510, and 820 nm (with 5 nm bandwidth for each image), second column (b), (f), and (j): the largest three of four NMF
decomposition components, third column (c), (g), and (k): associated NMF spectra for each component, and right column (d), (h), and (l): FEM simulations of the electric
field induced by the electron beam in the gap between the nanocube and the Au thin film at the same wavelengths used in the left column. The inset in (c) shows a SE image
of the NPA acquired concurrently with the CL data reported here.
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FIG. 4. Interference of electron beam generated transition radiation and scattered surface plasmons from the NPA. (a) Schematic of transition radiation and SPP generation
at the point of electron beam incidence, followed by SPP propagation and scattering by NPA. The interference is observed in the far field. (b) and (c) Final NMF component
images from the NMF decomposition shown in Fig. 3. (d) Interference patterns as the electron beam is scanned over a large area surrounding the nanocube. The colorbar
is over-saturated near the NPA to enable a clearer image of the weak interference fringes.

supported by the nanocube. The images shown in the left column
[Figs. 3(a), 3(e), and 3(i)] represent the raw CL intensity at wavelengths of 380, 510, and 820 nm that best represent the corner, edge,
and gap plasmon modes. The gap mode is red-shifted relative to the
NPA on a PE spacer layer due to the changed dielectric environment. However, simply plotting CL images associated with a limited
number of wavelengths tends to obscure the information within the
larger spectrum image. Hence, we used non-negative matrix factorization (NMF) to decompose the spectrum image into relevant
spectral components. NMF has become a widely used tool for analysis of hyperspectral microscopies because it offers a computationally
inexpensive approach to extract sparse, physically relevant data from
multidimensional data.42,43
Figures 3(b), 3(f), and 3(j) show the three most prominent
modes obtained by four-component NMF, which closely match the
modes identified in the raw CL intensity maps (the fourth component is described in Fig. 4). The NMF spectra for each of the
three components are shown in Figs. 3(c), 3(g), and 3(k). Notably,
while the NMF decomposition identifies a high quality-factor corner plasmon resonance, the edge mode exhibits some additional
spectral complexity and the gap plasmon mode exhibits a clear
bimodal response. This may be explained in part by the fact that
the NMF decomposition only assumes that each component is nonnegative, but it is also suggestive of mode coupling, which is not
directly evident in the intensity plots. These raw intensity plots and
NMF decompositions are largely consistent with FEM simulations
of the plasmonic field confinement induced by a line current source
emulating an “electron beam” (as shown in the right column of
Fig. 3). The nanocubes are spatially well separated (10s of μm) on
the substrate, and hence the simulations were performed on individual nanocubes without considering coupling between them. We
expect that the differences between simulation and the experiment
arise primarily due to the inhomogeneities in the nanostructure,
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i.e., morphological imperfections in the nanocubes and substrate.
While simulations allow us to understand the behavior of model
plasmonic heterostructures, CL microscopy allows us to probe
experimentally achievable, imperfect heterostructures.
III. PLASMON INTERFERENCE WITH TRANSITION
RADIATION
Nanoparticles on metallic planes can act as an antenna to couple free space photons with surface plasmon polaritons (SPPs).44
It is crucial to understand this coupling for the current nanopatch
antenna system to engineer nanophotonic devices that rely on the
out coupling of SPPs to the far field. Notably, the final component
of the NMF decomposition shown in Fig. 3 [shown in Figs. 4(b)
and 4(c)] is weak compared with the localized modes, and it is very
broadband except for an artifact associated with the strong corner
modes near 400 nm. It is consistent with broadband SPP modes scattering at the nanocube, but this high resolution image provides no
detailed understanding of the SPP propagation on the Au film. Thus,
we acquired spectrum images with larger fields of view to characterize interference between transition radiation and SPP CL. This interference allows for near-field imaging of the phase of surface plasmon
polaritons before they scatter off the nanocube.36,45 A clear understanding of SPP propagation combined with the above imaging of
nanogap plasmon modes is critical to understanding the composite plasmon–exciton interaction. This understanding is also essential for the ultimate development of dissipative-driven entanglement
schemes that rely on coupling multiple emitters to shared plasmonic
reservoirs.46,47 Broadband transition radiation is generated when
the image-charge-induced dipole in the metal is destroyed as the
electron enters the metal. The electron beam also launches SPPs
in the metal, which propagate outward. The SPP is scattered into
free space photons when it interacts with the nanopatch antenna.48
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A schematic of this process is shown in Fig. 4(a). This scattered
radiation has a characteristic phase relative to the transition radiation depending on the distance of the cube from the electron beam.
Therefore, the scattered beam and transition radiation can interfere
to produce the interferograms shown in Fig. 4(d).
The radial distance that satisfies the interference condition is
given by44
Φosc + 2mπ
+ Δ,
(1)
R=
kspp + k sin θ cos ϕ
where Φosc is the phase of the field scattered from the NPA,
√ m is
ϵ2
,
an integer, kspp is the plasmon wave vector that is equal to k ϵϵ11+ϵ
2
where ϵ1 and ϵ2 are the permittivities of ZnO and the metal film,
respectively, ϕ is the azimuthal angle between the NPA and the
point of electron beam incidence, and Δ is the phase arising due
to the distance between the plasmon origin and the NPA. It was
previously reported that the phase Φosc is zero away from plasmon
resonances,44 and hence due to the high energy of the corner and
edge modes (<520 nm), we set Φosc = 0 in the wavelength range of
525–825 nm, where we observed interference. The parabolic mirror collects all angles θ from 0○ to ∼90○ , and we display the fitting
result for θ = 45○ as white dashed lines in Fig. 4(d). The thickness
of the measured fringes is understood by changing θ from 0○ to
∼90○ . We plot the calculated fringes for −110○ < ϕ < 110○ due to the
reduced experimental signal to noise at higher angles. Δ was chosen
as 0.17λspp , 0.35λspp , and 0.7λspp for the first, second, and third interference fringes for all images. Good agreement is obtained between
the experimental and theoretical results. This technique can be used
for any plasmonic nanoparticle shape to obtain the phase delay and
scattering phase.
IV. COUPLED NANOPATCH QUANTUM DOT
HETEROSTRUCTURES
While CL microscopy enables clear spectrum imaging of
nanogap plasmon modes in these NPAs by using ZnO as the spacer
layer, the PE layer was moderately deformed by the electron beam
during image acquisition. This deformation did not substantially
change the optical properties of the nanogap plasmon modes as evidenced by the spectra in Fig. 2, but it did modify the morphology
of the substrate sufficiently to make drift compensation problematic for long acquisition-time spectrum images. As a result, spectrum
images presented in Fig. 3 are for the isolated nanocubes on Au film
coated silicon substrates with ZnO spacer layers. In the following
text, we compare the CL emission for two different cases where QDs
are deposited on a PE spacer layer (on a Au film) with or without
nanocubes. The colloidal CdSe/ZnS QDs have a spherical shape and
a diameter of ∼5 nm. The small diameter is necessary in order to
achieve substantial field localization in the plasmon gap mode, and
thus, optimize the plasmon–exciton interaction strength. We find
that in contrast to the PE surface, it is a challenge to adhere the QDs
directly on a ZnO surface (prior to the nanocube deposition). It is
also noted that, to date, there has been no careful comparison of
the PL and CL of hybrid structures designed to exhibit large Purcell
effects.
Point spectra for the quantum dots dropcast on the PE spacer
layer and for the hybrid NPA–QD heterostructure are shown in
Fig. 5. The data are fit with five Gaussian peaks. The quantum dot
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FIG. 5. CL emission of CdSe/ZnS QDs embedded in the NPA hybrid and on the
PE layer. The spectra are fit with five Gaussian peaks, and the QD emission contribution is extracted and shown in the bottom panel for excitation on the NPA and
isolated QD, respectively.

contribution to the plasmon–exciton heterostructure is extracted
as one of those fit components and plotted separately in the lower
panel of Fig. 5. A direct comparison is possible because the same
experimental conditions are maintained by acquiring point spectra
in the same area of the chip within a period of a few minutes. Compared with previous reports of quantum dot photoluminescence
enhancement by nanogap plasmon modes,14 the cathodoluminescence enhancement compared with the CL of isolated QDs is negligible. This is consistent with the relatively limited literature available to date exploring Purcell enhancement of exciton and defect
emission by plasmonic heterostructures, where only minimal Purcell
enhancement was observed.39,49,50 This is not necessarily surprising
because the electron beam-pumped system exhibits a very different interaction cross-section and different selection rules than the
laser-pumped system.
In order to help understand the selection rules associated with
electron- and laser-driven plasmon–exciton heterostructures, we
acquired complementary optical dark-field (DF) scattering spectra
and TRPL spectra in an optical microscope shown in Figs. 6(a)
and 6(b), respectively. The DF scattering spectra of several individual NPAs shown in Fig. 6(a) exhibit a small variation in the
peak wavelength, which is consistent with small variation in the
nanocube size or gap thickness. Nevertheless, the NPAs’ peak resonances show an excellent spectral overlap with the QD emission at
around 650 nm. Notably, the measured DF scattering under optical
excitation exhibits much simpler mode structure than the measured
cathodoluminescence because the near-field electron beam excitation is capable of exciting optically forbidden transitions. Figure 6(b)
compares the TRPL of QDs on a glass slide and in an NPA. Similar to the previously observed Purcell enhancement effect in the
NPA platform, the decay time of QDs in the NPA is significantly
reduced as compared to the intrinsic decay of the same QDs on a
glass slide.13,14,22,51 The decay of QDs on a glass slide is well fitted
with a single exponential component with a lifetime of 9.5 ns. When

6, 106103-5

APL Photonics

ARTICLE

scitation.org/journal/app

V. CONCLUSION

FIG. 6. (a) Quantum dot PL spectrum (black curve) and dark-field scattering spectra of randomly selected nanopatch antennas (colored curves). The inset displays
a dark-field camera image of the NPAs under white light illumination. Individual
NPAs were well separated and easily distinguished for optical spectroscopies. (b)
Time-resolved PL of quantum dot emission. The red and blue curves correspond
to the PL from quantum dots on glass and within the NPA, respectively. The black
curve shows the instrument response function. The Purcell enhancement of the
QD PL can be calculated from the fitted PL lifetimes.

The TRPL measurements suggest that the heterostructure is
well designed with measured Purcell enhancement consistent with
the literature, and the samples were transferred in vacuum from the
TRPL measurement to the CL measurement, so minimal environmental degradation is expected between measurements. Therefore,
the negligible measured Purcell enhancement with electron beam
excitation indicates a more fundamental difference between the two
measurement modalities. The near-field electron beam excitation of
the NPA excites additional modes compared to those excited optically, resulting in a broader red-shifted composite NPA response,
as shown in Fig. 5. Although the QD emission lies within the
broadband envelope, the electron beam excitation of modes that
are far from resonant with the QD results in substantially reduced
plasmon–exciton interactions in the composite system.
However, while it seems clear that CL characterization of
hybrid plasmon–exciton heterostructures may not yield the same
Purcell enhancement measured in PL spectroscopies, CL microscopy is an indispensable tool for mapping localized and propagating plasmonic modes of technologically relevant nanopatch antenna
structures with few nanometer spatial resolution. Furthermore, techniques such as electron beam induced deposition can be used to
pattern plasmonic heterostructures in the SEM52,53 near individual
defects or excitons after imaging with CL microscopy and exert in
situ control over plasmon–exciton interactions subject to the understanding that the composite system response will be different under
laser excitation than electron beam excitation. Indeed, pump–probe
spectroscopies that combine laser and electron beam excitation of
the sample should allow for completely integrated experiments that
probe the near-field properties of the hybrid heterostructure with an
electron beam excitation while probing the resonantly excited state
with a laser excitation. Ultimately, this level of integrated manipulation and characterization of hybrid nanophotonic systems is critical
to the development of various recently proposed dissipative-driven
entanglement schemes.46,47
VI. METHODS
A. CL microscopy

the QDs are coupled to the NPA, the decay curve is fitted with a
biexponential function deconvolved with the instrument response,
resulting in a fast decay component of 0.019 ns and a slower component of 2.19 ns. The fast component is attributed to the decay
time of the QDs that are well coupled to the NPA and the slower
component is originated from QDs on the Au film, away from the
nanocube but within the laser excitation spot. The reduction in the
decay of the QDs on a Au film is a result of the nonradiative quenching effect. Furthermore, because the QDs are spherically symmetric,
the emitted photons are randomly polarized. Because the gap mode
of the NPA is vertically polarized, only photons that have a vertically
polarized component can efficiently couple to the NPA resonance
and contribute to the fast decay channel. As has been shown previously that the decrease in the lifetime of the QDs in the NPA is
accompanied by a simultaneous increase in the PL intensity,13,14,22,51
the ratio τ glass /τ NPA ∼ 500 represents the Purcell enhancement
factor.
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CL microscopy was performed in a FEI Quattro environmental
scanning electron microscope with a Delmic Sparc cathodoluminescence collection system. A beam energy of 30 keV and beam currents of 630–5600 pA were used, depending on sample robustness.
The sample chamber was maintained at a pressure of 40 Pa water
vapor. CL spectra were collected using a parabolic mirror with a high
numerical aperture of 0.9 and sent to a spectrometer (Andor Kymera
193i) equipped with a 150 line/mm grating and an Andor Newton CCD camera. Spectra were acquired using dwell times of 0.2–2
s/pixel, and spectrum images were acquired by scanning the electron beam while acquiring a CL spectrum at each pixel. Reference
images were taken every 2–20 s as necessary during the spectrum
image acquisition to allow for drift correction.
B. Optical characterization
Optical responses of NPA samples were characterized by darkfield scattering and PL measurements through a customized Nikon
LV 150N microscope with a 3D nanometer-resolution translation
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stage (Newport, model 9063). The modified microscope has a halogen lamp for white light illumination and a modified optical path
for laser excitation (Coherent laser at 475-nm, 80 MHz, 150 fs) and
PL collection through a bright/dark field 100× microscope objective
lens. The dark-field scattering or PL signal from individual NPAs
was filtered by a pinhole at a focal imaging plane before entering
the spectrometer (Horiba iHR550) and CCD camera (Horiba JobinYvon Synapse). A set of appropriate short-pass (for laser excitation)
and long-pass (for PL detection) spectral filters were used for the QD
excitation and PL collection. For the decay time measurements of
the QDs, a time-correlated single photon counting setup was used.
The PL emission from the QDs was collected by the objective lens
and sent through the spectrometer for either spectral analysis or
through a side exit to be guided into a fast-timing avalanche photodiode for temporal analysis. The signal collected by the photodiode
was analyzed by a single photon counting module (PicoHarp 300).
Final lifetimes were obtained from fits to the data deconvolved with
the instrument response function by using the EasyTau software
(PicoQuant).
C. FEM simulation
Three-dimensional (3D) FEM simulations of the silver (Ag)
plasmonic nanopatch antenna structures were performed using
Comsol Multiphysics® . The dimensions of the nanocube were identical to the experiments and a spacer layer with a thickness of 5 nm
was used. The model was surrounded with a spherical scattering
boundary condition that prevented backscattering of the electromagnetic waves from the simulation boundaries. A line current
was placed vertically 10 nm above the center of the nanocube to
simulate the electron beam.54,55 The induced field plots shown in
Fig. 3 were obtained by running the simulation twice, once with
the line current in vacuum and once with the line current in
the presence of the nanopatch antenna, each time using the same
mesh. The induced fields were obtained by using the formula Eind
= Eant − Evac , where Eant is the field calculated with the nanopatch
antenna structure and Evac is the field calculated in vacuum. All
employed materials were simulated using realistic refractive index
data.56,57
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